The TATA-binding protein (TBP) is a critical general transcription factor that associates with the core promoter and acts as a nexus for gene regulation through its interactions with other factors. A large number of proteins recognize the relatively small yet highly conserved C-terminal domain of TBP. One subset of these proteins (general transcription factors) interacts with the TBP⅐TATA complex and RNA polymerase II to create the preinitiation complex. To study TBP functions in preinitiation complex and other complexes, we generated a set of RNA aptamers with high affinity to yeast TBP. These aptamers act on TBP in different ways: all of them bind TBP competitively with DNA bearing the TATA element, and some can actively disrupt the TBP⅐TATA interaction in preformed, higherorder complexes containing the additional general transcription factors TFIIB and TFIIA. In crude cell extracts, the aptamers inhibit transcription in ways that reveal the dynamic nature of TBP interactions during initiation and reinitiation. I nitiation of transcription by RNA polymerase II (Pol II) requires the assembly of a preinitiation complex (PIC) at the core promoter. The first, and often rate-limiting, step in this process is the binding of the TATA-binding protein (TBP) to the TATA element on DNA (1). The core domain of TBP has a saddle-shaped structure with a concave surface that binds and bends DNA severely (2). The PIC is largely built on this TBP⅐TATA foundation by an interlaced network of polypeptides that interact with each other and with the TBP⅐DNA complex (3). In vitro experiments suggest that the general transcription factor TFIIB binds to the promoter after TBP, providing a platform for the entry of Pol II͞TFIIF and playing a role in determining the transcription start sites (4, 5). TFIIA associates with the PIC through a distinct interaction surface on TBP and stimulates basal as well as activated transcription, presumably by counteracting the inhibitory effects of TBP-binding factors such as NC2 or Mot1 (reviewed in ref. 6). These inhibitory factors are thought to repress transcription by interfering with the TBP⅐TATA interaction and higher order complex formation (7, 8) .
I
nitiation of transcription by RNA polymerase II (Pol II) requires the assembly of a preinitiation complex (PIC) at the core promoter. The first, and often rate-limiting, step in this process is the binding of the TATA-binding protein (TBP) to the TATA element on DNA (1) . The core domain of TBP has a saddle-shaped structure with a concave surface that binds and bends DNA severely (2) . The PIC is largely built on this TBP⅐TATA foundation by an interlaced network of polypeptides that interact with each other and with the TBP⅐DNA complex (3) . In vitro experiments suggest that the general transcription factor TFIIB binds to the promoter after TBP, providing a platform for the entry of Pol II͞TFIIF and playing a role in determining the transcription start sites (4, 5) . TFIIA associates with the PIC through a distinct interaction surface on TBP and stimulates basal as well as activated transcription, presumably by counteracting the inhibitory effects of TBP-binding factors such as NC2 or Mot1 (reviewed in ref. 6 ). These inhibitory factors are thought to repress transcription by interfering with the TBP⅐TATA interaction and higher order complex formation (7, 8) .
The critical role played by the TBP⅐TATA interaction in transcription makes it a frequently used target of regulation by numerous proteins that physically interact with TBP. Extensive investigations have been conducted to define the functions of discrete sites on the surface of TBP. Many genetic selections and screens have identified functionally distinct TBP mutants. Most mutants are defective in their interactions with the TATA element, TFIIA, or TFIIB, whereas others disrupt interactions with additional factors, including transcription activators and repressors (reviewed in ref. 9) . Particularly informative was a systematic analysis, using alanine scanning mutagenesis of the surface of human TBP, which defined clusters of residues critical for its interactions with individual factors (10) . Also, a particular surface of TBP has been shown to bind several transcription factors and TATA DNA competitively (reviewed in ref. 11) . As a result, it is difficult to specifically study and control the TBP⅐TATA interaction in physiologically relevant systems. Moreover, past studies provide only a limited view of the dynamics of TBP interactions during PIC formation and their regulation.
One strategy to probe such dynamic processes is to rapidly disrupt particular interactions and study the immediate consequences. Temperature-sensitive mutants provide a rapid disruption of a protein-protein interaction, but the shift to nonpermissive temperature usually results in the conformational disruption of the entire protein and its degradation along with its partners. Specific ligand-based perturbation of transcription initiation may provide more precise, targeted control. Through binding to the minor groove of DNA, the antibiotic distamycin A and the alkylating benzoyl mustard derivative tallimustine can prevent the recognition of the TATA element by TBP, thereby providing information about TBP⅐TATA complexes (12) . However, these compounds must be used at very high concentration (micromolar) to show their effect, and they are not specific to the TBP⅐TATA interaction. More specific inhibitors of TBP in the form of small organic compounds have not been isolated.
Alternatives to small-molecular-weight ''drugs'' are RNA aptamers, which are selected in vitro from a combinatorial sequence pool for their affinity to a target molecule (13, 14) . The chemical and biological properties of RNAs that allow efficient production and regeneration have made such aptamers versatile molecular probes. They possess tremendous potential relative to small organic compounds in experimental and therapeutic manipulations. When expressed under the control of specific promoters, they are able to modulate or perturb molecular interactions with high temporal and spatial precision in tissue culture cells or animals (ref. 15; see ref. 16 for a review).
In this study, we describe the selection and properties of a set of RNA aptamers to yeast TBP. These aptamers not only have high affinity and specificity but also act in distinct ways on TBP. Using these aptamers, we performed detailed analyses of the TBP⅐TATA interaction in the context of the TFIIA⅐TFIIB⅐TBP⅐TATA complex and its subcomplexes. Some of the aptamers were shown to be able to disrupt preformed complexes, and the various complexes responded distinctly to different aptamers. The aptamers were also effective inhibitors of transcription in an in vitro assay, and their different modes of action allowed us to draw more penetrating conclusions when they were used collectively in a study of the dynamics of TBP interactions in a crude cell extract. Furthermore, the efficacy of the inhibition by these aptamers in this complex milieu promises their utility under more physiological conditions.
Materials and Methods
Protein Preparation. Yeast TBP was expressed and purified from bacteria as described (17) . Yeast TFIIA was purified by using a protocol obtained from S. Hahn (Fred Hutchinson Cancer Research Center, Seattle), in which subunits Toa1 and Toa2 were expressed separately in Escherichia coli, denatured in 8 M urea, combined and renatured by dialyzing out the urea. Renatured TFIIA was further purified in an AKTA system (Pharmacia) by using a mono Q column. Yeast TFIIB was prepared by using the Intein system (New England Biolabs). It was further purified on an Uno-S column (Bio-Rad).
In Vitro Selection. The sequences of the template-primer system have been described (18) . The template contains a 50-nt randomized region in the middle. The initial pool contained Ϸ2.5 ϫ 10 15 different sequences. Eleven cycles of selection and amplification were performed against His-tagged yeast TBP. Selection was carried out in 1ϫ binding buffer (12 mM Hepes, pH 7.9͞60 mM potassium chloride͞5 mM magnesium chloride͞1 mM EDTA), followed by partitioning on nitrocellulose filters, except for cycle 8, which was partitioned by using Biacore sensor chip with His-tagged TBP covalently coupled, and cycle 10, which was partitioned by electrophoretic mobility shift. A negative selection step against the filter (i.e., collecting candidates unbound to the filter) was included in every cycle after the fourth. The progress was monitored by electrophoretic mobility-shift assay (EMSA). The final selected pool in the form of DNA was cloned, and 32 individuals were sequenced. Some members of a clone contained minor sequence variations. For example, position 8 in the variable region of no. 4 could be either a C or a G; position 35 of no. 12 could be either a G or an A (the version listed in Fig.  1A was used in subsequent studies).
EMSA. EMSA was performed according to the protocol described in ref. 8 , with some modifications. All binding reactions were incubated at room temperature for 30 min in 20-l volume in 1ϫ binding buffer with 100 g͞ml BSA, 25 g͞ml yeast tRNA, 10% glycerol, and 0.1% Nonidet P-40. The RNA probes were internally labeled with [␣-32 P]UTP by using the T7-MAXIscript in vitro transcription kit (Ambion, Austin, TX) and had a concentration of 0.1 nM in the binding reaction. The TATA-DNA used in binding assays was produced by annealing deoxyoligonucleotides bearing a 30-bp DNA segment derived from the adenovirus major late promoter with the following sequence: 5Ј-GGGAATTCGGGCTATAAAAGGGGGATCCGG-3Ј. When used in assays to visualize TATA-containing complexes, DNA was end-labeled by T4 polynucleotide kinase. A typical reaction for complex formation or disruption contained 10 nM TBP. To form higher-order complexes, 2.5 nM TFIIA and͞or 100 nM TFIIB were used with 2.5 nM TBP. In competition experiments, the aptamer was mixed with the TATA-DNA, then incubated with the proteins for 30 min. In disruption experiments, the TATA-DNA was incubated with the proteins for 30 min before addition of aptamer. Unless otherwise indicated, the mixture was loaded onto the gel after another 30-min incubation. All complexes were resolved on a 6% polyacrylamide gel run in 0.5ϫ TBE buffer (45 mM Tris͞45 mM boric acid͞1 mM EDTA, pH 8.3). To stabilize the TBP⅐TATA complex, 5 mM magnesium acetate was included in both the gel and the buffer whereas 2 mM magnesium acetate was used for EMSA of higher-order complexes. For reactions containing TFIIB⅐TBP⅐TATA complex, 60 ng poly(dI)⅐poly(dC) was added before loading.
In Vitro Transcription. Yeast Strain BJ1991 (prb1 pep4 gal2 leu2 trp1 ura3) was grown in yeast extract͞peptone͞dextrose (YEPD) to an A 600 of 1.5-2.0. Cells were harvested, and whole cell extracts were prepared by using a mortar and pestle (19) . Protein concentration was determined by Bradford assay. In vitro transcription was performed based on a protocol previously described (20) at room temperature in a 25-l final volume using a plasmid (200 ng) that bears the adenovirus major late promoter upstream of a 390-nt G-less cassette. Yeast whole cell extract (100 g) was incubated for 2 min in transcription buffer (20 mM Hepes, pH 7.6͞100 mM potassium glutamate͞10 mM magnesium acetate͞5 mM EGTA͞2.5 mM DTT͞10 M zinc sulfate͞ 10% glycerol͞20 units of RNase Inhibitor͞SUPERase-In) (Ambion) plus an ATP regeneration system (3 mM ATP͞30 mM creatine phosphate͞150 ng of creatine kinase). Aptamers were added to the extract mixture at the concentrations indicated, together with, or 30 min after, the addition of DNA template. 37°C for 20 min, digested with proteinase K in the presence of SDS (2%) for 20 min before being phenol͞chloroform extracted and ethanol precipitated. RNA products were separated on 6% acrylamide sequencing gels. In control experiments, ␣-amanitin was added to 20 g͞ml just before NTPs to ensure that the transcription observed was Pol II-dependent, and yeast tRNA was added (up to 1 g) to demonstrate that nonspecific RNAs did not elicit any effect on transcript levels. Where indicated, sarkosyl was added to 0.25% final concentration 30 s after NTPs to maintain a single round of transcription (21) .
Results
Aptamer Selection and Characterization. We performed an in vitro selection experiment with yeast TBP as target and isolated a set of aptamers from a pool of 2.5 ϫ 10 15 different RNA sequences. After 11 cycles of selection and amplification, we cloned the final selected pool and sequenced 32 individuals. These individuals belong to 10 clones, each descended from a different sequence in the original pool. As shown in Fig. 1 A, most of these clones have multiple isolates. Other than an 11-nt stretch shared by no. 7 and no. 11, there is no shared consensus sequence among these clones, nor an obvious common secondary structure. Therefore, the different TBP-binding clones are likely to recognize at least partially distinct features of TBP.
Eight of these clones showed specific binding to yeast TBP in an EMSA. The two remaining clones (no. 5 and no. 31) contain sequences defined as multi-G motifs that bind to the nitrocellulose filters used as the partitioning matrix (22) . Three aptamer clones were chosen for further characterization. One of them, represented by aptamer no. 4, was the most abundant and was isolated 8 times; the other two, represented by aptamer no. 12 and no. 17, were tied for second in abundance, each represented by 5 individual isolates.
An EMSA with the three representative individuals, no. 4, no. 12, and no. 17, showed that these most abundant clones all have high affinity for TBP (Fig. 1B) . Aptamer no. 12 showed highest affinity, with a dissociation constant (K d ) measured by this assay of Ϸ3 nM. Aptamer no. 17 ranked second whereas aptamer no. 4 appeared to have the lowest affinity. An independent and more direct measurement by nitrocellulose filter-binding showed that no. 4 has a K d of Ϸ10 nM whereas no. 12 has a K d of Ϸ3 nM. Clone no. 31 showed no detectable RNA⅐TBP complex even at the highest TBP concentration tested; therefore, it was chosen for use as a negative control.
As shown in Fig. 1C , the three most abundant aptamers competed with each other for binding to TBP (other less abundant aptamers listed in Fig. 1 A also competed with each other; data not shown), suggesting that all of the aptamers interact with overlapping binding sites on TBP. Their relative strength in competition correlated well with their relative affinities. In addition, double-stranded oligodeoxynucleotides bearing the TATA element (TATA-DNA) competed with the aptamers for TBP-binding, suggesting that the DNA-binding site on TBP is affected by the binding of these aptamers. However, all three aptamers exhibited a much higher affinity for TBP than did TATA-DNA (lanes 2, 7, and 12).
We further investigated the stability of the TBP⅐aptamer complex. After equilibrium had been reached between radiolabeled RNA probes and TBP, a large amount of unlabeled RNA aptamer was added to the reaction, and aliquots of the mixture were removed at the given time points and loaded onto a running native gel. The half-lives of the TBP⅐aptamer complexes were derived from the results shown in Fig. 1D . The aptamer no. 17⅐TBP complex had the longest half-life (Ͼ1 h) whereas the complex containing the aptamer no. 4 was the least stable (half-life Ͻ3 min), in agreement with the lower levels of TBP⅐aptamer complexes observed in EMSA (Fig. 1B) .
Probing TBP-Containing Complex Formation and Disassembly Using
Aptamers. The association of TBP with the TATA element and͞or general transcription factors is critical for establishing a PIC. With the TBP aptamers as inhibitory probes, we studied these interactions in the context of multiprotein complexes by examining the perturbation of four different complexes: TBP⅐TATA, TFIIA⅐TBP⅐TATA, TFIIB⅐TBP⅐TATA, and TFIIA⅐TFIIB⅐TBP⅐TATA. We started by investigating the ability of the aptamers to prevent the binding of TBP to the TATA element or to disrupt the preformed TBP⅐TATA complex. Interestingly, the three aptamers acted distinctly on TBP complexes, as shown in Fig. 2 . Whereas all three were able to prevent TBP binding to the TATA-DNA (see the ''competing with'' lanes), the preformed TBP⅐TATA complex withstood challenge only by no. 17 (see the ''disrupted by'' lanes). The three aptamers differed in their strength in preventing complex formation, with no. 4 significantly weaker than the other two (compare lane 4 with lanes 5 and 6 in Top). With a preformed TBP⅐TATA complex, which is very stable under our assay conditions, aptamer no. 17 had a very weak effect, comparable with that caused by unlabeled competitor TATA-DNA (compare lane 12 with lane 9). In contrast, aptamers no. 4 and no. 12 exerted a very strong disruptive effect on the preformed complex, as shown in lanes 11 ands 12. This result indicated an active displacement of TATA-DNA by these aptamers. More interestingly, aptamer no. 4, which had a weaker effect in competing with the TATA-DNA (lane 4), was almost as potent as no. 12 in disrupting the preformed complex.
To further investigate the ability of aptamers no. 4 and no. 12 to disrupt a preformed complex, TBP⅐TATA complexes at equilibrium were challenged with unlabeled aptamers, and the reaction mixture was loaded immediately onto a native gel (Fig.  2 Bottom). Within this short time frame, aptamers no. 4 and no. 12 were able to dissociate the majority of the TBP⅐TATA complex whereas aptamer no. 17 had little effect. The TBP⅐TATA complex is normally very stable, with a half-life of 1-2 h (23); thus, the instantaneous disruption of this stable complex further indicated the active role played by these aptam- Aptamers acting on TBP⅐TATA complexes in distinct modes. All reactions contained 0.5 nM radioactive TATA-DNA (indicated by an asterisk) and 10 nM His-yTBP. In competition for complex formation (lanes 2-7), a low (40 nM) and a high (320 nM) concentration of unlabeled RNA or TATA-DNA was added together with the TATA-DNA probe. To examine the effect of aptamers on preformed TBP⅐TATA complex (lanes 8 -13), the same concentrations of unlabeled RNA or TATA-DNA were added after a 30-min incubation of TBP with the radioactive TATA probe. In Top and Middle, the mixtures were incubated for another 30 min before loading onto the gel. In Bottom, the mixtures were loaded right away. The gel contained 5 mM magnesium acetate.
ers. We also noticed an increased mobility of the shifted complex remaining in the presence of these aptamers. This new, fastmoving complex was TBP-dependent and was therefore not a TATA⅐aptamer complex (data not shown). It is likely that this complex contains TBP, TATA-DNA, and aptamer, where the increased mobility of the complex results from the additional negative charge of bound RNA. These results indicate that aptamer no. 17 may simply bind TBP through TBP's concave DNA-binding surface whereas no. 4 and no. 12 seem to be capable of interacting at distinct surfaces to form a TBP⅐TATA⅐aptamer complex that then destabilizes the TBP⅐TATA complex.
Some higher-order complexes involving the TBP⅐TATA interaction are significantly more stable than the two-component TBP⅐TATA complex. For example, the TFIIA⅐TBP⅐TATA complex has a half-life of 14 h (24) on a HIS3 promoter whereas the half-life of TBP⅐TATA complex on the same promoter is 1-2 h (the TFIIB⅐TBP⅐TATA complex has a half-life of Ϸ2 h). If the fast-acting, disruptive effect of aptamers no. 4 and no. 12 is preserved in such higher-order complexes, they could be powerful reagents to study and control the function of TBP both in vitro and in vivo. Moreover, if the higher-order complexes display differential sensitivity to individual aptamers, these results might elucidate the dynamics of TBP-complex formation and disassembly. We probed three higher-order TBP⅐TATA complexes containing TFIIA, TFIIB, or both. As shown in Fig. 3A , aptamers no. 4 and 12, but not no. 17, were able to disrupt these three-component or four-component complexes. A high concentration of aptamers (320 nM) was required to show significant disruption of TFIIA-containing complexes whereas the TFIIB⅐TBP⅐TATA complex was sensitive to a low concentration [40 nM of no. 4 and no. 12 (no. 17 had only weak activity)]. The disruption effect on the TFIIB⅐TBP⅐TATA complex was immediate, like that on the TBP⅐TATA complex, as it could be seen when the ''disrupted'' reaction mixtures were loaded instantly onto the gel (data not shown). These results further demonstrated that aptamers no. 4 and no. 12, unlike no. 17, were able to gain access to TBP and disrupt a preformed complex when TBP's concave side was occupied by TATA-DNA, even when its second stirrup was occupied by TFIIB. Interestingly, even aptamers no. 4 and no. 12 functioned differently. As shown in . This is all the more remarkable considering the relatively low levels of stable TBP⅐aptamer no. 4 complexes observed and the fact that it was weaker than no. 12 and no. 17 in preventing the formation of TFIIA⅐TFIIB⅐TBP⅐TATA complex (compare lane 11 with lanes 12 and 13 in Fig. 3B ).
Inhibition of Transcription by
Aptamers. An in vitro transcription system, which preserves some key features of the complex milieu of the cell, can be used to test the effect of TBP aptamers on transcription and to evaluate at what step these aptamers act. Because the adenovirus major late promoter has been shown to be TATA-dependent (25) , aptamers that are able to bind TBP and prevent TBP binding to the TATA element should block transcription driven by this promoter. We used a yeast transcription system derived from whole cell extracts where total TBP is present at Ϸ20 nM. Control experiments indicated that the transcription was Pol II-dependent (e.g., sensitive to a low concentration of ␣-amanitin) and the system was insensitive to high levels of a control RNA (see Materials and Methods). When the RNA aptamers were added to the extract together with the DNA template, we observed inhibition by all three aptamers (no. 4, no. 12, and no. 17) at a concentration as low as 10 nM. As shown in Fig. 4A , with aptamers at 40 nM, which was only twice the approximate TBP concentration in these reactions, the levels of transcription were decreased by 70-85%.
To pinpoint the step in the transcription process affected by the TBP aptamers, we examined their effects on a single round of transcription after PIC formation. Here, the template was incubated with the cell extract for 30 min to allow PIC formation before adding aptamers. Transcription was initiated 10 min later, with sarkosyl added (to 0.25%) 30 s after the NTPs to allow only a single round of RNA synthesis. As shown in Fig. 4B Top, single-round transcription levels were similar in all reactions, indicating that, once the PIC is formed, the first round of transcription is not affected by the presence of aptamers. In the absence of sarkosyl, transcription reinitiation occurs and continues for at least 30 min in this system (data not shown). Thus, identical reactions performed without sarkosyl treatment allowed us to evaluate the effects of these aptamers on successive rounds of transcription reinitiation.
When aptamers were added after PIC formation and transcription was allowed to proceed for 10 or 30 min, all three aptamers were strong inhibitors and nearly as effective as when added simultaneously with the DNA template (compare 4B with 160 nM reactions in 4A). The transcript level in these inhibited, multiple-round reactions is indistinguishable from that of a single round whereas the uninhibited reactions increased with time. Strikingly, the aptamer that acts as a passive TATA competitor (no. 17) inhibits transcription to similar levels as do aptamers with disruptive activities (no. 4 and no. 12), indicating that TBP's concave (TATA-binding) side was accessible during reinitiation.
Discussion
Most essential cellular functions are actualized by multiprotein complexes. These macromolecular machines undergo multiple steps of assembly and changes in conformation and composition as they carry out their biological functions; and these steps are often regulated by specific interactions with proteins that sense internal or external signals (26) . Whereas traditional biochemical and genetic approaches have provided much information about the composition and activities of such complexes, new strategies and methodologies are required to understand the dynamics of these processes at the molecular level and in the context of living cells. In this study, we devised and applied experimental approaches to examine the assembly and function of TBP-containing complexes. What is described here can be easily modified and applied to transcription factors other than TBP or biological processes other than transcription.
Some aptamers we isolated, such as aptamer no. 17, can inhibit TBP binding to TATA element in a manner analogous to some natural TBP inhibitors like NC2 or the NOT complex (reviewed in ref. 6) . Others, such as aptamers no. 4 and no. 12, can actively disrupt preformed TBP⅐TATA complexes, reminiscent of the activity of the protein MOT1 (27) . These aptamers can strip TBP off the DNA almost instantaneously. In addition, different TBP⅐TATA-containing complexes responded differentially to the disruptive activity of aptamers no. 4 and no. 12. One possible explanation for these differential effects is that aptamer no. 4 gains access to the complex at surfaces distinct from the concave portion of TBP and the surfaces of TBP with which TFIIA and TFIIB interact. This initial binding then destabilizes the TBP interaction with TATA-DNA. Aptamer no. 12, in turn, is inhibited in its ability to disrupt complexes containing TFIIA, perhaps because it uses the TFIIA binding surface of TBP as its initial entry point.
In an in vitro functional assay, the TBP aptamers revealed the dynamics of TBP interactions during initiation and reinitiation. This assay system programs proper PIC formation and transcription initiation on the added template DNA, and allows for the partial disassembly and reassembly of the PIC that accompanies each round of Pol II firing and reinitiation. The very effective inhibition seen when aptamers were added before PIC formation indicated that the aptamers could access TBP in the complex environment of a whole cell extract. Moreover, the aptamers were effective inhibitors in multiple round transcription assays, even when added after PIC formation, indicating that the TBP associations are dynamic during reinitiation. The cumulative effect of inhibition during 30 min of transcription was dramatic and was almost the same as seen when aptamers were added to reactions along with template DNA. We propose that the dynamics of the TBP-promoter association allows the TATAbinding surface of TBP to become accessible after the first round of transcription, leading to the inhibition by aptamers observed. Hahn and colleagues have shown that, when Pol II escapes from the promoter, TFIIB and TFIIF are released. In contrast, other components of the PIC, including TBP and TFIIA, as well as upstream activators and the Mediator proteins, remain largely promoter-associated in a structure called the Scaffold, which promotes transcription reinitiation (28) . Whereas the TATAbinding surface on TBP becomes accessible during reinitiation (even to our competitively binding aptamer no. 17), TBP may be still associated with the complex through interactions with other proteins, making reinitiation faster than de novo establishment of the PIC (28) . Our data provide insight into the dynamics of TBP interactions during transcription reinitiation on a relevant kinetic time scale and suggest that these aptamers could be valuable tools to dissect transcription mechanisms in vivo.
Compared with small-molecule drugs, the size and diversity of macromolecular probes like RNA aptamers may provide a more powerful spectrum of reagents to probe biological processes. Whereas the aptamers described here interfere with a protein-DNA interaction, this approach is not restricted in any way to nucleic acid binding protein complexes because aptamers against many different proteins have been isolated (29) . When a nucleic acid binding protein is used as the target of selection, some chemical features of the nucleic acid binding site may be more inviting than other sites for RNA aptamers, resulting in the predominant selection of aptamers homing to this site. To avoid this outcome, the natural nucleic acid ligand, if available, can be used to block this site during selection. We have also developed general methods for targeted destruction of particular sequences in a population that can be used to overcome this problem (22) .
As demonstrated previously by us and others, genetically controlled induction of RNA aptamers can provide a means of rapid and͞or persistent inactivation of specific proteins, domains, or even discrete surfaces within domains of specific proteins (ref. 15 , and reviewed in ref. 16 ). This result would allow one to assess the primary function of a particular portion of a protein or protein complex in vivo without necessarily disrupting the entire protein or a larger protein complex. When a critical transcription factor or a particular site on a factor is rapidly inactivated, the effects on protein͞DNA architecture and function of promoters, regulatory regions, and transcription units can be examined in vivo and in real time. This kind of rationally designed genetic perturbation, when coupled with microarray technologies and dynamic modeling, could be very powerful in the elucidation of regulatory networks in cellular systems (30) . 
